Summary: Positron emission tomography (PET) allows for the absolute measurement of regional tissue physiological, biochemical and pharmacological processes. This ability is a consequence of the nature of positron emission and the type of tracers which can be labelled with positron emitting radionuclides. The spatial resolution of state of the art scanners is in the order of 4 mm full width at half maximum (FWHM). However, due to statistical limitations, in practice normally a resolution of 7 to 8 mm FWHM is used. For the same reason, although there is no limit to the temporal resolution, studies usually require many seconds to several minutes to obtain a good signal to noise ratio. If a slow kinetic process is followed, studies can be extended to several hours in order to characterise the entire physiological process. A major advantage of PET is its flexibility. Several parameters (e.g., blood flow, oxygen consumption, glucose consumption, receptor density, etc.) can be measured in the same setting. Different aspects of a certain pathology can, therefore, be studied in the same patient.
Introduction
Positron emission tomography (PET) allows for accurate non-invasive in vivo measurements of regional tissue function. This ability rests on (1) the decay characteristics of positron emitters, and (2) the range of tracers which can be labelled with a positron emitting radionuclide.
Positron emitters decay by the emission of a positron, an electron with positive charge. Since a positron is unstable, it will travel at most a few millimetres in tissue before combining with an electron. This annihilation process results in the emission of two gamma rays, each with an energy of 511 keV, travelling in opposite directions. These two gamma rays can be detected simultaneously by two opposing in-coincidence detectors, resulting not only in the registration of the event but also of the line along which this event has taken place (line of response). As shown later this mode of detection provides a number of advantages over the conventional method of recording single photon events. In PET this decay pattern of positron emitters is utilised by positioning detectors around the body and by accepting only in-coincidence pulses from two opposing detectors.
The second feature of PET is just as important. In order to quantify tissue function a tracer model is re-quired, which relates the measurement of radioactivity (over time) to the physiological, biochemical or pharmacological parameter being studied. Such a model is much easier to develop if the radioactive label does not change the chemical structure of the molecule being labelled. It so happens that for the biologically important elements (oxygen, carbon, nitrogen) only positron emitters are available for in vivo use. Unfortunately, for hydrogen not even a positron emitter is available and, therefore, fluorine is used as a substitute. A list of the more important positron emitters is provided in table 1.
Coincidence detection
The emission of a positron is registered by coincidence detection of two annihilation photons travelling in opposite directions. An event is only accepted if two detectors register a pulse simultaneously, i.e., within a certain coincidence time window. This so called electronic collimation avoids the need for lead collimators with their inherent reduction of overall sensitivity.
An important feature of coincidence detection is the fact that the line of response and, therefore, the total pathlength of both annihilation photons through tissue is known. In the case of single photons it is difficult, if not impossible, to accurately correct for attenuation by tissues lying between the sites of emission and detection, since the actual site of emission of the detected photon is not known. As illustrated in figure 1, this is not a problem with coincidence detection. The attenuation of the pair of photons is independent of the exact location of the original annihilation event along the line of response. It is only a function of the total pathlength through tissue Detector l Source ~.~ De~cmr with its corresponding (possibly heterogeneous) attenuation coefficient. The overall attenuation can be measured by performing a transmission scan using an external ring (or rotating line) source, filled with a positron emitter. Accuracy of this procedure is guaranteed by the fact that attenuation of a pair of photons originating from the external source is the same as that of a pair of photons originating from within the tissues (figure 1). To reduce radiation exposure to personnel the external source should be retractable by remote control and, also for convenience (no regular refills), 68Ge with a half life of 287 days is the radionuclide of choice. In addition to accurate correction for tissue attenuation, the sensitivity of coincidence detection is independent of depth. The chance of detecting a pair of annihilation photons by two opposing detectors is the same along the entire line between both detectors (figure 1). In principle the Same is true for the spatial resolution, although in practice this is not the case due to the finite size of the detectors (Brooks et al. 1981) . However, this only becomes important if the size of the detectors is not negligible with respect to the distance between opposing detectors. For a whole body PET scanner, where the detectors are typically one meter apart, the non-uniformity in resolution throughout a body section is minimal.
The finite size of the coincidence time window (typically 12 ns) may result in the registration of annihilation photons originating from different positrons. The contribution of these so called random coincidences to the total signal increases both with the coincidence resolving time and the singles rate in each detector (Lammertsma and Frackowiak 1985) . They are a source of error because they result in an erroneous line of response. The detection of these randoms can be reduced significantly by the use of lead septa between detector rings in order to protect the detectors from off-plane activity. The usual method to correct for the remaining (mainly in-plane) randoms contribution is to monitor the random coincidence rate with a delayed coincidence window (Dyson 1960) and to subtract this from the total coincidence rate. Since this procedure has implications for the noise in the final true coincidence signal an upper limit has to be set with respect to the amount of activity which can be One photon has to travel a distance Xl through tissue, the other a distance x2. If I~ is the attenuation coefficient of the tissue, the attenuation of the photons is given by exp(-i~xl) and exp(-I~x2) respectively. The total attenuation of the pair of photons equals exp[-( i~Xl+ I~x2)]. It can be seen from the top line that the total attenuation of a pair of photons originating from the external source is exactly the same, thereby providing a means to correct the emission data for the tissue attenuation. The same principle still applies if the attenuation of the tissue is heterogeneous. Note also that the detection efficiency along the line xlx2 is constant, since the attenuation of the pair of photons remains constant, brought within the field of view. Another factor involved in this upper limit is detector dead-time. Although it is possible to correct for detector dead-time, a loss in effective efficiency occurs. In practice, this upper limit is seldom important. Usually, the amount of radioactivity is primarily restricted because of patient dosimetry considerations.
Potentially a more serious source of error is the coincidence detection of a pair of photons, where one or both have been scattered in the tissues. Again this will lead to the identification of a wrong line of response. Because both recorded photons originate from true coincidence events, it can not be corrected for using delay circuitry. The detection of scattered events can be reduced by accepting only counts within a narrow window around 511 keV. However, this also results in a significant reduction in detection efficiency (Phelps et al. 1975a ). In current scanners the lower energy threshold is typically set at 250 to 350 KeV. Consequently, additional measures have to be taken to avoid the detection of scatter as much as possible. The septa mentioned above are therefore also important for reducing the detection of off-plane scatter. When the detectors are far apart (1 m), the detection efficiency of the remaining in-plane scatter is small, because of the small solid angle for detection. Presently, in order to increase sensitivity (see later), scanners are being developed without interplane septa. In these scan-ners a retrospective correction for recorded scattered events has to be applied.
It should be mentioned that there is a theoretical limit to the ultimate spatial resolution achievable. This limit is determined by (1) the finite distance the positron travels before annihilating and (2) the fact that the angle between the annihilation photons is slightly different from 180 °. It will be clear that the first limitation imposed on the spatial resolution depends on the energy of the emitted positron and therefore varies for different radionuclides. It has been shown (Phelps et al. 1975b ) that for a system resolution of 2.4 mm, use of 11C (E~,max = 0.96 MeV) would result in an effective resolution of 2.7 mm. For 150 with its higher positron energy (E~,rnax = 1.74 MeV) this would deteriorate to 3.3 mm. The second limitation lies in the noncolinearity of the photons due to the residual kinetic energy of the positron before annihilation. In fact, there is an angular Gaussian distributed spread between the photons of approximately 0.5 ° full width at half maximum (FWHM) around 180 ° for all radionuclides (De Benedetti et al. 1950) . The effect of this on the spatial resolution of the scanner depends on the distance between opposing detectors. For a separation of one metre this would result in a resolution loss of about 2.2 mm.
It follows from these considerations that brain scanners usually have superior sensitivity and spatial resolution. Whole body scanners on the other hand will tend to have more uniform spatial resolution and more favourable scatter conditions.
Instrumentation
Most PET scanners these days consist of multiple bismuth germanate (BGO) detector rings. The crystal elements themselves are usually cut within blocks of BGO and separated from each other by light reflecting material. A few photomultipliers (PMTs) are mounted on each block and positioning is achieved by pulse height analysis of these PMTs. However, to reduce the registration of scattered and random events, the summed output of all PMTs mounted on a block is used for energy discrimination.
The multiple detector rings allow for the simultaneous recording of up to about 30 transaxial planes. The axial field of view of the contiguous planes is usually in the order of 10 cm, making it possible to view the whole myocardium or most of the brain in one scan. This feature is particularly important in dynamic studies, where the time course of the tracer is followed. The possibility to set-up scans with respect to certain anatomical landmarks (e.g., orbitomeatal line for brain studies) is guaranteed by tilting and/or rotating the gantry. In addition, the volumetric measurement allows for reslicing after data collection is complete.
Transmission scans for attenuation correction are performed by moving ring or rotating line sources filled with 68Ge in the field of view. These sources are housed in lead shielding during emission scans and can be moved under either push-button or computer control. The transmission scan provides a means of correcting for tissue attenuation with an accuracy, even in the chest, of approximately 4%.
State of the art PET scanners are capable of providing a spatial resolution of approximately 4 mm FWHM. However, due to statistical limitations, in practice, a softer reconstruction filter is used resulting in a spatial resolution of around 7 to 8 mm FWHM. The statistical limitations are due to the fact that the count rate is limited by the amount of radioactivity which can be administered to the patient. Although the spatial resolution used could be improved by a factor of 2, this would require an increase in the administered dose by a factor of 8 to maintain the same signal to noise ratio.
The time resolution is, again, limited by statistical considerations. In practice, the minimum time frames used are in the order of a few seconds. Depending on the tracer used, study durations range from a few minutes to a couple of hours with individual frame lengths ranging from 5 seconds to 10 minutes.
As mentioned above, the limiting factor of PET instrumentation, as with any in vivo detection technique, is the number of counts which can be collected within a practical study period. In recent years attempts have been made to increase the sensitivity of PET scanners by removing the interplane lead/tungsten septa. Removal of these septa enables recording of coincidence events between detectors from different slices (i.e., truly three dimensional data collection), providing an increase in sensitivity by approximately a factor of six. It will be clear that removal of the septa will also significantly increase the recording of scattered events. As a matter of fact, the septa were originally introduced as a means of reducing this contaminating signal. At present progress is being made in the development of methods which correct for scatter contributions, although further studies are still required to fully assess the quantitative aspects of this scanning mode.
Tracer modelling
An accurate scanner is a basic requirement for quantitative studies. Well designed PET scanners are able to measure the regional radioactivity concentration to within a few percent. However, this does not necessarily mean quantification of physiological, biochemical or pharmacological processes. The regional distribution of the tracer has to be related to the underlying physiologi- cal process. PET is in a favourable position due to the labels that can be used: 11C, 13N, and 150. This means that the tracers are chemically identical to the corresponding natural compounds. The often used 18F labelled tracers have a slight disadvantage in this respect.
If the behaviour of a tracer in the human body is known, a tracer kinetic model can be developed to calculate a certain physiological entity from the measurement of radioactivity. In this respect it should be noted that detailed knowledge of the (possible) biological pathways is essential in developing these tracer models. PET has no chemical resolution. Therefore it is not possible to detect in which form the radioactivity resides within the tissues. Usually, tracer models are developed on the basis of compartments, each compartment representing a different aspect of the tracer kinetics. The simplest structure is the one compartment model used for intravascular I1 15 tracers such as CO or C O. The tracer remains in the blood (compartment) and the regional blood volume can be calculated directly from the regional activity measured by the PET scanner, and the concentration of a blood sample (100% blood). Two compartments, one for arterial blood and one for tissue, are used for diffusible tracers to measure regional blood flow. Model compartments are not necessarily the same as physical compartments such as blood and tissue. A tracer that is metabolised will, apart from the blood compartment, require at least two compartments related to tissue activity: one for free tracer and one or more (the number depending on the actual tracer) for metabolites. It should be realised that tracer models are simplifications. They do not describe the fate of each individual labelled molecule, but the average kinetics. In addition many underlying assumptions are made. In fact, before applying an existing technique to a new disease, the correctness of the underlying assumptions should be reconsidered.
Applications
One of the advantages of PET is the variety of physiological, biochemical and pharmacological processes that can be followed, imaged and quantified in vivo. The particular process being studied depends on the tracer used. This variety is important, since it enables one to perform a number of different studies in the same patient, often, as a result of the short half lives of the radionuclides involved, within a single scanning session. A simple example is the combined measurement of flow and metabolism. This combined measurement makes it possible, for example, to distinguish between primary metabolic defects and reduced metabolism as a result of limited perfusion (rate limiting delivery of substrate). In addition, co-registration with anatomical (e.g., MRI) studies is now possible.
A list of some frequently used tracers and the processes they are tracing is given in table 2 as an illustration of the flexibility of PET. They range from simple measurements of blood volume, through a series of methods to measure blood flow and metabolism, to the more complex receptor studies. It should be noted that with these procedures a variable degree of quantification can be achieved. In general, the more complex the physiological system, the more difficult it is to obtain full quantification. Receptor studies might serve as an example. To obtain quantitative data for the pharmacologically important parameters Bma x and KD, at best, at least two separate tracer studies have to be performed, one with the tracer alone and the second following pre-dosing with cold ligand in order to (partly) block the uptake of the radioactive tracer. Alternatively, the second study can be replaced by a displacement study, where the cold ligand is given not prior, but some time after injection of the radioactive tracer in order to displace the tracer from the receptors. For clinical studies, this procedure might not always be possible or practical. In that case, it is possible to perform just a tracer alone study to obtain the binding potential (the ratio of Bmax and KD). Often this might provide sufficient clinical information. The same is true for cerebral blood flow. Although absolute quantification of cerebral blood flow is not difficult, it might not be required for certain studies. For example, the purpose of many activation studies is to localise areas of the brain with increased activity following a stimulus. Here quantification of blood flow is not essential and, consequently, the scanning protocol canbe simplified. In general there is a trade off between accuracy and simplicity of the procedure. The degree of accuracy required is determined by the specific research question.
However, especially in pathology, simplifications of procedures should always be based on a more detailed understanding of the biological system.
For a more detailed introduction to the field, including instrumentation, tracer models and clinical applications, one is referred to the literature (Reivich and Alavi 1985; Phelps et al. 1986 ).
